The phenylalanine hydroxylase gene locus has been studied in 35 independent phenylketonuric families in the south-west of England using RFLP haplotype patterns and allele specific oligonucleotide probes. Haplotype 3 was the most common pattern on mutant chromosomes and there was strict linkage disequilibrium between this haplotype and the splice mutation in exon 12. The R408W mutation in exon 12 occurred on both haplotypes 1 and 2. The R126Q mutation in exon 7 was found only on a rare haplotype 28 pattern. No gene carried the R158Q mutation. More than 60% of mutant genes did not carry these four mutations which were originally described in other European populations. We suggest that the splice mutation arose as a single event and spread throughout northern Europe by population migration and admixture. In addition, we believe the haplotype/mutation associations seen in our population are a reflection of the mixed ancestry of the inhabitants of the British Isles.
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The study of the phenylalanine hydroxylase (PAH) gene using haplotype patterns derived from restriction fragment length polymorphisms (RFLPs) originally uncovered extensive genetic variation at this locus both within and between populations. 1-9 More recently, as an increasing number of mutations are defmed,10'46 the combined use of RFLP haplotypes and allele specific oligonucleotide (ASO) probes is providing some insight into evolutionary aspects of the mutations that give rise to phenylketonuria (PKU) in different populations. Some mutations are found almost exclusively in individual populations. 16 Others are found more widely and many of these have been reported in association with more than one haplotype. [17] [18] [19] [20] [21] We have examined the PAH locus in the PKU population in the south-west of England using RFLP haplotype patterns and ASO probes. All PKU genes were examined for the presence of four mutations, which were originally found in other European populations'0 l 15 in association with haplotypes 1, 2, 3, and 4. Our results are similar to those reported in other studies'0 11 20 and lend support to the hypotheses that the mutation/haplotype associations that are seen on PKU chromosomes have arisen through hypermutability at specific sites, intragenic crossover, and gene conversion.1720
Methods
The South Western Regional Health Authority covers five geographical counties in England: Gloucestershire, Avon, Somerset, Devon, and Cornwall. We analysed the PAH gene in 35 separate families in the southwest of England in whom there is a proband with PKU. Altogether 72 independent mutant genes were studied, one family having three affected subjects spanning three generations. Subjects with non-PKU hyperphenylalaninaemia were not included.
The full length cDNA probe PAH247, kindly supplied by Dr Savio Woo, Houston, Texas, was used to determine RFLP haplotypes.23 Haplotype numbers were the same as those used by Woo.24 Polymerase chain reaction (PCR) amplification, dot blots, and allele specific oligonucleotide probes were used to test mutant genes for the R261Q mutation in exon 7, the R408W mutation in exon 12, the splice donor mutation of exon 12, and the R158Q mutation in exon 5. These mutations were first reported on haplotypes I,"5 2," 3,10 and 4,5 17 respectively, in other European populations. Details of the techniques have been described elsewhere.22
Results

HAPLOTYPE PATTERNS AT THE PAH LOCUS
Considerable genetic heterogeneity occurs at the PAH locus in both mutant and non-PKU chromosomes Molcular heterogeneity at the phenylalanine hydroxylase locus in the population ofthe south-west ofEngland The E280K mutation in exon 7, for example, which was originally described on a haplotype 38 in the Algerian population'3 was also found on haplotypes 4 and 1 in a French2' and Danish family,'7 respectively. This mutation was not found on several haplotype 1 chromosomes in our own population (unpublished observations). Haplotypes 38, 4, and 1 differ at several or all polymorphic sites, and since the linkage disequilibrium is exclusively maintained in each of the populations, it has been proposed that the same mutation arose at the same site as independent events on different haplotype backgrounds." Furthermore, a CpG dinucleotide is involved. CpG is a common site of methylation in mammalian DNA and spontaneous deamination of the dinucleotide has been implicated as a 'hot spot' for mutations, showing a rate of mutation 42-fold higher than that of random muta- 25 tion.
The R408W mutation in exon 12 has also been found on different haplotype backgrounds in independent populations. In northern Europe, it was originally reported in linkage disequilibrium with haplotype 2; however, in the French Canadian population, it is associated with a haplotype 1 pattern. Intragenic crossover 5' to the HindIII site could change haplotype 2 to a haplotype 1; however, Okano et al '7 have suggested that a mutation should appear on more than one haplotype in any single population if intragenic crossover is to be considered as the underlying cause. John et a120 proposed that independent mutational events are probably responsible for the appearance of the R408W mutation on each haplotype, particularly since a CpG dinucleotide is involved. The fact that haplotype 1 is common at the PAH locus and more than one mutation is associated with each of haplotypes 1 and 2 provides additional support to this hypothesis. In our study the R408W mutation was found on both haplotypes 1 and 2. Although intragenic crossover could have occurred independently in our own population the observed associations are more likely to be a reflection of the mixed ancestry of the inhabitants of the British Isles and could represent independent legacies of invasions from the north and south 1000 to 2000 years ago.
It is interesting that one child is homozygous for the haplotype 1 pattern but is a compound heterozygote for the specific mutations which gave rise to PKU. This sort of heterogeneity could account for the diverse findings in early reports on the clinical severity of the disorder in patients who were homozygous for the haplotype 1 pattern. 4 26 In our own study, as in others from northern Europe,'0 haplotype 3 was the only haplotype pattern in strict linkage disequilibrium with a specific mutation (splice donor junction, exon 12). Haplotype 3 is found very rarely on non-PKU chromosomes and so it is likely that the base change arose as a single mutational event and spread throughout northern Europe by population migration and admixture. The low prior probability of a PKU mutation occurring within a rare haplotype is perhaps offset by the fact that a CpG dinucleotide is involved. The splice mutation also occurred on a haplotype pattern which is identical to haplotype 3 except for the loss of an EcoRI recognition site.24 Although gene conversion or a mutation at this restriction site could be responsible for the appearance of a new haplotype in association with the splice mutation, intragenic crossover 5' to the MspI recognition site is more likely to be the cause. A crossover at this position between a mutant haplotype 3 and a non-mutant haplotype 1, which is common in our population, or a non-mutant haplotype 2, which is less common, would result in the new haplotype pattern.
The R261Q mutation in exon 7, originally described in linkage disequilibrium with haplotype 1 
